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POWER MANAGEMENT METHODS FOR
MULIT ENGINE ROTORCRAFT

CROSS-REFERENCE TO RELATED
APPLICATIONS

The present application 1s a continuation of co-pending
application Ser. No. 16/538,064 filed Aug. 31, 2019.

TECHNICAL FIELD OF THE DISCLOSUR.

L1l

The present disclosure relates, in general, to power man-
agement systems for multi engine rotorcraft and, in particu-
lar, to power management systems operable to increase or
decrease the power mput of a main rotorcrait engine 1n

anticipation of a power input state change of a supplemental
power unit during flight.

BACKGROUND

"y

Many rotorcrait are capable of taking off, hovering and
landing vertically. One such rotorcratt 1s a helicopter, which
has a main rotor that provides lift and thrust to the aircratt.
The main rotor not only enables hovering and vertical
takeoil and landing, but also enables forward, backward and
lateral tlight. These attributes make helicopters highly ver-
satile for use in congested, 1solated or remote areas. The
power demand on the engine of a rotorcrait can vary over
time based upon the operation being periformed. For

example, an increased power demand may be placed on the
rotorcrait’s engine during takeoil, hover, heavy lifts and/or
high speed operations.

Some rotorcraft utilize an auxiliary power unit to supply
pretlight power during startup procedures and to start the
main engine of the rotorcraft. During high power demand
operations, such an auxiliary power unit may also serve as
a supplemental power unit to provide supplemental power to
the main rotor. It has been found, however, that upon
coupling the supplemental power unit to the main rotor
gearbox during flight, the sudden increase 1 power deliv-
ered to the main rotor may result 1n a temporary increase 1n
rotor speed including the potential for rotor overspeed.
Likewise, it has been found, that upon decoupling the
supplemental power unit from the main rotor gearbox during
tflight, the sudden decrease 1n power delivered to the main
rotor may result in a temporary decrease in rotor speed or
rotor droop. Such undesired changes in rotor speed may
predispose the rotorcrait to operational hazards and 1netfli-
ciencies. Accordingly, a need has arisen for a power man-
agement system for multi engine rotorcrait operable to
maintain substantially constant rotor speed during power
input state changes associated with the on demand use of a
supplemental power umit during tlight.

SUMMARY

In a first aspect, the present disclosure 1s directed to a
power management system for a multi engine rotorcraift
having a main rotor system with a main rotor speed. The
power management system includes a first engine providing
a first power 1nput to the main rotor system. A second engine
selectively provides a second power input to the main rotor
system. The second engine has at least a zero power 1nput
state and a positive power input state. A power anticipation
system 1s configured to provide the first engine with a power
adjustment signal during flight 1n anticipation of a power
input state change of the second engine. The power adjust-
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ment signal causes the first engine to adjust the first power
input to maintain the main rotor speed within a predeter-

mined rotor speed threshold range during the power input
state change of the second engine.

In certain embodiments, the first engine may be a main
engine and the second engine may be a supplemental power
unit. In some embodiments, the first engine may be a first
main engine and the second engine may be a second main
engine. In certain embodiments, the first engine may be a gas
turbine engine and the second engine may be a gas turbine
engine. In some embodiments, the first engine may be a gas
turbine engine and the second engine may be an electric
motor. In certain embodiments, the power anticipation sys-
tem may include a pilot operated 1nput configured to gen-
crate the power adjustment signal for the first engine and to
provide the second engine with a power iput state change
signal. In some embodiments, the power anticipation system
may 1nclude one or more sensors configured to detect one or
more flight parameters of the rotorcrait to form sensor data
and a power anticipation module configured to generate the
power adjustment signal for the first engine and to provide
the second engine with the power input state change signal
responsive to the sensor data. In such embodiments, the
sensor data may include collective control data, first engine
speed data and/or first engine torque output data. In certain
embodiments, the power anticipation module may be 1mple-
mented on a tlight control computer.

In some implementations, the power adjustment signal
may cause the first engine to reduce the first power input
comncident with the second engine changing power input
states from the zero power mput state to the positive power
input state. In certain implementations, the power adjust-
ment signal may cause the first engine to increase the first
power input coincident with the second engine changing
power mput states from the positive power input state to the
zero power input state. In some embodiments, the power
adjustment signal may cause an adjustment in the quantity of
fuel 1jected into the first engine. In certain embodiments,
the positive power mput state of the second engine may
include a full power input state. In some embodiments, the
power adjustment signal may be mechanically coupled to
the first engine. In certain embodiments, the power adjust-
ment signal may be electrically coupled to the first engine.
In some implementations, the predetermined rotor speed
threshold range may be two percent above and below the
main rotor speed, one percent above and below the main
rotor speed or other desired rotor speed threshold range.

In a second aspect, the present disclosure 1s directed to a
rotorcrait including a fuselage and a main rotor system
rotatable relative to the fuselage. The main rotor system has
a main rotor speed. A first engine provides a first power 1input
to the main rotor system. A second engine selectively
provides a second power mput to the main rotor system. The
second engine has at least a zero power mput state and a
positive power input state. A power anticipation system 1s
configured to provide the first engine with a power adjust-
ment signal during tlight 1n anticipation of a power input
state change of the second engine. The power adjustment
signal causes the first engine to adjust the first power 1nput
to maintain the main rotor speed within a predetermined
rotor speed threshold range during the power mput state
change of the second engine.

BRIEF DESCRIPTION OF THE DRAWINGS

For a more complete understanding of the features and
advantages of the present disclosure, reference 1s now made
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to the detailed description along with the accompanying
figures 1n which corresponding numerals 1n the different

figures refer to corresponding parts and 1 which:

FIGS. 1A-1C are schematic 1llustrations of an exemplary
multi engine rotorcraft utilizing a power management sys-
tem 1n accordance with embodiments of the present disclo-
SUre;

FIGS. 2A-2B are block diagrams of a power management
system operating on a multi engine rotorcrait in accordance
with embodiments of the present disclosure;

FIGS. 3A-3B are graphical representations of main rotor
speed versus time using a power management system on a
multi engine rotorcrait in accordance with embodiments of
the present disclosure;

FIGS. 4A-4B are block diagrams of a power management
system operating on a multi engine rotorcrait in accordance
with embodiments of the present disclosure; and

FIGS. 5A-3D are block diagrams of a power management
system operating on a multi engine rotorcrait in accordance
with embodiments of the present disclosure.

DETAILED DESCRIPTION

While the making and using of various embodiments of
the present disclosure are discussed 1n detail below, it should
be appreciated that the present disclosure provides many
applicable 1nventive concepts, which can be embodied 1n a
wide variety of specific contexts. The specific embodiments
discussed herein are merely 1llustrative and do not delimat
the scope of the present disclosure. In the 1nterest of clarity,
all features of an actual i1mplementation may not be
described 1n this specification. It will of course be appreci-
ated that in the development of any such actual embodiment,
numerous implementation-specific decisions must be made
to achieve the developer’s specific goals, such as compli-
ance with system-related and business-related constraints,
which will vary from one implementation to another. More-
over, 1t will be appreciated that such a development eflort
might be complex and time-consuming but would neverthe-
less be a routine undertaking for those of ordinary skill 1n the
art having the benefit of this disclosure.

In the specification, reference may be made to the spatial
relationships between various components and to the spatial
orientation of various aspects of components as the devices
are depicted 1n the attached drawings. However, as will be
recognized by those skilled in the art after a complete
reading of the present disclosure, the devices, members,
apparatuses, and the like described herein may be positioned
in any desired orientation. Thus, the use of terms such as
“above,” “below,” “upper,” “lower” or other like terms to
describe a spatial relationship between various components
or to describe the spatial orientation of aspects of such
components should be understood to describe a relative
relationship between the components or a spatial orientation
ol aspects of such components, respectively, as the devices
described herein may be oriented 1n any desired direction.
As used herein, the term “coupled” may include direct or
indirect coupling by any means, including by mere contact
or by moving and/or non-moving mechanical connections.

Referring to FIGS. 1A-1C 1n the drawings, a rotorcraift in
the form of a helicopter 1s schematically illustrated and
generally designated 10. The primary propulsion for heli-
copter 10 1s a main rotor system 12. Main rotor system 12
includes a plurality of rotor blades 14 extending radially
outward from a main rotor hub 16. Main rotor system 12 is
coupled to a fuselage 18 and 1s rotatable relative thereto. The
pitch of rotor blades 14 can be collectively and/or cyclically
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mamipulated to selectively control direction, thrust and lift of
helicopter 10. A collective control 20 may be used to control
the altitude and/or speed of helicopter 10 by simultaneously
changing the pitch angle of all rotor blades 14 independently
of their position. For example, during a stable hover, 11 pilot
input 1s made to collective control 20, the pitch angle of all
rotor blades 14 changes simultaneously and equally, result-
ing in helicopter 10 either increasing or decreasing 1in
altitude. A cyclic control 22 may be used to control the
attitude and/or direction of helicopter 10 by controlling the
pitch of rotor blades 14 cyclically, that 1s, the pitch of each
rotor blade 14 will vary during each rotation. The vanation
in pitch has the eflect of varying the angle of attack of, and
thus the lift generated by, each rotor blade 14 as it rotates.
Thus, 1 cyclic control 22 1s moved forward or backward,
main rotor system 12 generates thrust in the forward direc-
tion or backward direction, respectively. Sitmilarly, 1f cyclic
control 22 1s moved to the right or to the left, main rotor
system 12 generates thrust in the right direction or left
direction, respectively.

A tailboom 24 extends from fuselage 18 1n the aft direc-
tion. An anti-torque system 26 includes a tail rotor assembly
28 coupled to an aft end of tailboom 24. Anti-torque system
26 controls the yaw of helicopter 10 by counteracting the
torque exerted on fuselage 18 by main rotor system 12. In
the 1llustrated embodiment, helicopter 10 includes a vertical
tail fin 30 that provide stabilization to helicopter 10 during
high speed forward flight. In addition, helicopter 10 includes
wing members 32a, 325 that extend laterally from fuselage
18 and wing members 34a, 345 that extend laterally from
tailboom 24. The wing members provide liit to helicopter 10
responsive to the forward airspeed of helicopter 10, thereby
reducing the lift requirement on main rotor system 12 and
increasing the top speed of helicopter 10

Main rotor system 12 and tail rotor assembly 28 receive
torque and rotational energy from a main engine 36. Main
engine 36 1s coupled to a main rotor gearbox 38 by suitable
gearing, clutching and shafting. Main rotor gearbox 38 1is
coupled to main rotor system 12 by a mast 40 and 1s coupled
to tail rotor assembly 28 by tail rotor drive shaft 42. Main
engine 36 may be an internal combustion engine such as a
turbo shaft engine. In the illustrated embodiment, a supple-
mental power unit 44 1s coupled to main rotor gearbox 38 by
suitable gearing, clutching and shafting. Supplemental
power unit 44 may be an internal combustion engine such as
a turbo shaft engine. Alternatively, supplemental power unit
44 may be an electric motor.

Supplemental power unit 44 may operate as an auxiliary
power unit to provide preflight power to the accessories of
helicopter 10 such as electric generators, hydraulic pumps
and the like as well as to provide the power required to start
main engine 36. Supplemental power unit 44 may also be
operable to provide emergency power to main rotor system
12. For example, 1n the event of a failure of main engine 36,
supplemental power unit 44 1s operable to provide emer-
gency power to enhance the autorotation and flare recovery
maneuver ol helicopter 10. Use of supplemental power unit
44 not only enhances the safety of helicopter 10 but also
increases the efliciency of helicopter 10. For example,
having the extra power provided by supplemental power unit
44 during high power demand operations allows main
engine 36 to be downsized for more etflicient single engine
operations such as during cruise operations.

Importantly, supplemental power unit 44 i1s operable to
provide supplemental power that 1s additive with the power
provided by main engine 36 during, for example, takeofl,
hover, heavy lifts, high speed operations and other high




US 11,649,045 B2

S

power demand conditions. As stated herein, upon coupling
a supplemental power unit to the main rotor gearbox during
flight, the sudden increase in power delivered to the main
rotor may result i a temporary increase in rotor speed
including the potential for rotor overspeed. Also, upon
decoupling the supplemental power unit from the main rotor
gearbox during tlight, the sudden decrease in power deliv-
ered to the main rotor may result 1n a temporary decrease 1n
rotor speed or rotor droop. Such undesired changes 1n rotor
speed may predispose a rotorcrait to operational hazards and
inefliciencies. Helicopter 10 implements a power manage-
ment system that anticipates power mput state changes of
supplemental power unit 44 and provides a power adjust-
ment signal to main engine 36 to compensate for the sudden
changes in power provided by supplemental power unit 44,
thereby maintaining main rotor system 12 at a substantially
constant main rotor speed.

Helicopter 10 1s preferably a fly-by-wire rotorcraft that
includes a flight control computer 46 implementing a variety
of tlight control modules including, for example, a power
anticipation module 48. Power anticipation module 48 uti-
lizes pilot mput and/or sensor mput 1n determining that a
power input state change of supplemental power umt 44
should occur. For example, 11 1t 1s desired to cruise at a high
speed, the pilot may provide input to initiate the operation of
supplemental power unit 44 from a zero power 1nput state to
a full power input state. As supplemental power unit 44 1s
preferable separated from main gearbox 38 by a one-way
clutch, the power 1nput of supplemental power unit 44 1s not
immediately available to main gearbox 38 while supplemen-
tal power unit 44 ramps up to full speed. When the operating
speed of supplemental power unit 44 matches that of main
gearbox 38, torque 1s now transierable through the one-way
clutch. As supplemental power unit 44 1s now operable to
provide full power, engagement of supplemental power unit
44 to main gearbox 38 delivers a sudden power increase
rather than a gradual power increase. To compensate for the
step change in power delivered to main gearbox 38, power
anticipation module 48 sends a power adjustment signal to
main engine 36. In the present example, the power adjust-
ment signal sent to main engine 36 from power anticipation
module 48 causes a reduction in the quantity of fuel mjected
into main engine 36 which results 1n a decrease 1n the power
input from main engine 36 that coincides with the increase
in power mput created by engaging supplemental power unit
44 with main gearbox 38. By matching or substantially
matching the power reduction of main engine 36 with the
power coming online from supplemental power unit 44, the
power delivered to main gearbox 38 remains substantially
constant such that the main rotor speed remains substantially
constant and/or within a predetermined rotor speed threshold
during engagement of supplemental power unit 44 with
main gearbox 38 during flight.

In some implementations, power anticipation module 48
may autonomously determine that a power input state
change of supplemental power unit 44 should occur respon-
sive to acquired sensor data relating to one or more flight
parameters. For example, 1t 1t 1s desired to reduce the cruise
speed of helicopter 10 from a high speed regime 1n which
supplemental power unit 44 i1s operating 1n its full power
input state and providing a portion of the total power to main
rotor system 12, the pilot may decrease collective to reduce
the forward airspeed of helicopter 10. One or more sensors
50 that are operable to detect changes in various flight
parameters such as collective position, main rotor actuator
position, main engine torque, main engine RPMs, airspeed,
altitude or other parameter may provide sensor data to power
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anticipation module 48. Power anticipation module 48 1s 1n
data communication with sensors 50 such that power antici-
pation module 48 may use the sensor data to determine
whether a power mput state change of supplemental power
unit 44 should occur. In this example, responsive to the
sensor data, power anticipation module 48 sends a signal to
supplemental power unit 44 to transition from 1ts full power
input state to 1ts zero power mput state.

As supplemental power unit 44 1s preferable separated
from main gearbox 38 by a one-way clutch, as soon as the
operating speed of supplemental power unit 44 falls below
that of main gearbox 38, torque 1s no longer transierable
through the one-way clutch and supplemental power unit 44
1s operable to provide zero power to main gearbox 38. As
such, disengagement of supplemental power unit 44 from
main gearbox 38 delivers a sudden power decrease rather
than a gradual power decrease. To compensate for this step
change 1 power delivered to main gearbox 38, power
anticipation module 48 also sends a power adjustment signal
to main engine 36. In the present example, the power
adjustment signal sent to main engine 36 Ifrom power
anticipation module 48 causes an increase 1n the quantity of
tuel injected into main engine 36 which results 1n an increase
in the power mnput from main engine 36 that coincides with
the decrease 1 power caused by disengaging supplemental
power unit 44 with main gearbox 38. By matching or
substantially matching the power increase of main engine 36
with the power coming ofiline from supplemental power unit
44, the power delivered to main gearbox 38 remains sub-
stantially constant such that the main rotor speed remains
substantially constant and/or within a predetermined rotor
speed threshold during disengagement of supplemental
power unit 44 from main gearbox 38 during tlight. Thus, the
power management system implemented by helicopter 10 1s
operable to 1mprove rotorcraft performance by preventing
overspeed and/or drooping of main rotor system 12 respon-
sive to power input state changes associated with the
engagement or disengagement of supplemental power unit
44.

It should be appreciated that helicopter 10 1s merely
illustrative of a variety of aircraft that can implement the
embodiments disclosed herein. Indeed, the power manage-
ment system of the present disclosure may be implemented
on any mult1 engine rotorcrait. Other aircrait implementa-
tions can include hybnd aircrait, tiltwing aircraft, tiltrotor
aircraft, quad tiltrotor aircraft, unmanned aircraft, gyrocop-
ters, compound helicopters, drones and the like. As such,
those skilled 1n the art will recognize that the power man-
agement system of the present disclosure can be integrated
into a variety of aircrait configurations. It should be appre-
ciated that even though aircraft are particularly well-suited
to implement the embodiments of the present disclosure,
non-aircrait vehicles and devices can also implement the
embodiments.

Referring to FIGS. 2A-2B 1n the drawings, various oper-
ating configurations of a power management system 100 for
a multi engine rotorcrait are 1llustrated 1n a block diagram
format. Power management system 100 includes a main
engine 102 that may be an internal combustion engine such
as a turbo shaft engine. Main engine 102 1s coupled to a
freewheeling unmit depicted as sprag clutch 104 that acts as a
one-way clutch enabling a driving mode wherein torque
from main engine 102 1s coupled to main rotor gearbox 106
via a combining gearbox 108 when the input side rotating
speed to sprag clutch 104 1s matched with the output side
rotating speed from sprag clutch 104. For convenience of
illustration, the input side of sprag clutch 104 1s depicted as
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the apex of the greater than symbol and the output side of
sprag clutch 104 1s depicted as the open end of the greater
than symbol. Importantly, sprag clutch 104 has an over
running mode wherein main engine 102 1s decoupled from
main rotor gearbox 106 when the 1mput side rotating speed
of sprag clutch 104 1s less than the output side rotating speed
of sprag clutch 104. Operating sprag clutch 104 in the over
running mode allows, for example, main rotor system 110 of
helicopter 10 to engage 1n autorotation in the event of a
failure of main engine 102.

In the illustrated embodiment, main rotor gearbox 106 1s
coupled to main rotor system 110 by a suitable mast. Main
rotor gearbox 106 includes a gearbox housing and a plurality
ol gears, such as planetary gears, used to adjust the engine
output to a suitable rotational speed so that main engine 102
and main rotor system 110 may each rotate at optimum
speed during flight operations of helicopter 10. Main rotor
gearbox 106 1s coupled to a tail rotor gearbox 112 via a
suitable tail rotor drive shatt. Tail rotor gearbox 112 includes
a gearbox housing and a plurality of gears that may adjust
the main rotor gearbox output to a suitable rotational speed
for operation of tail rotor 114.

Power management system 100 includes a secondary
engine depicted as an auxiliary power unit and/or supple-
mental power unit that 1s referred to herein as supplemental
power unit 116. In the 1llustrated embodiment, supplemental
power unit 116 may be an internal combustion engine such
as a turbo shailt engine. In the illustrated embodiment,
supplemental power umit 116 may generate between about 5
percent and about 40 percent of the horsepower of main
engine 102 or other suitable percentage thereof. Supplemen-
tal power unit 116 1s coupled to a freewheeling unit depicted
as sprag clutch 118 that acts as a one-way clutch enabling a
driving mode wherein torque from supplemental power unit
116 i1s coupled to main rotor gearbox 106 via combining
gearbox 108 when the mput side rotating speed to sprag
clutch 118 1s matched with the output side rotating speed
from sprag clutch 118. Importantly, sprag clutch 118 has an
over running mode wherein supplemental power unit 116 1s
decoupled from main rotor gearbox 106 when the mnput side
rotating speed of sprag clutch 118 i1s less than the output side
rotating speed of sprag clutch 118. It 1s noted that supple-
mental power unit 116 may be operable to perform the
functions of a typical auxiliary power unit such as providing
power to drive rotorcralt accessories such as one or more
generators, one or more hydraulic pumps as well as other
accessories (not pictured). In addition, supplemental power
unit 116 may provide power for helicopter 10 during the
startup procedure and to start main engine 102.

Once main engine 102 1s operating, torque 1s delivered
through the main drive system as indicated by the solid lines
and arrowheads between main engine 102, sprag clutch 104,
combining gearbox 108, main rotor gearbox 106, main rotor
system 110, tail rotor gearbox 112 and tail rotor 114, as best
seen 1 FIG. 2A. In the illustrated configuration, no torque
1s delivered to combining gearbox 108 from supplemental
power unit 116 as indicated by the dashed lines between
supplemental power unit 116, sprag clutch 118 and combin-
ing gearbox 108. As such, all of the power provided to main
rotor system 110 1s being provided by main engine 102 with
zero power being provided by supplemental power unit 116.
It 1s noted that supplemental power unit 116 may continue to
perform the functions of a typical auxiliary power unit
and/or main engine 102 may provide power to drive rotor-
craft accessories.

The operations of engaging and disengaging supplemen-
tal power unit 116 to and from main gearbox 106 will now
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be described. Power management system 100 includes a
power anticipation system 120 that may be pilot imple-
mented and/or may be automated by the flight control
computer 46 of helicopter 10 via a power anticipation
module 48 executing power anticipation logic. In FIG. 2A,
main engine 102 1s providing all of the power to rotate main
rotor system 110 and main rotor system 110 1s preferably
rotating a constant main rotor speed as indicated by line 130
in FIG. 3A that represents the nominal 100 percent main
rotor speed. If it 1s desired to increase the cruise speed of
helicopter 10 from a standard cruise regime to a high speed
cruise regime, power anticipation system 120, responsive to
pilot mput and/or sensor mput, may initiate a power input
state change sequence for helicopter 10. In the illustrated
embodiment, power anticipation system 120 sends a power
adjustment signal to main engine 102 and sends a power
mput state change signal to supplemental power unit 116.
For example, the power adjustment signal to main engine
102 may be a mechanically coupled signal to the throttle of
main engine 102 causing a decrease 1n fuel injected nto
main engine 102. Alternatively, the power adjustment signal
to main engine 102 may be an electrically coupled signal to
main engine 102 causing a decrease 1n fuel injected nto
main engine 102.

The power imput state change signal to supplemental
power unit 116 transitions supplemental power unit 116
from a zero power input state to a full power input state. For
example, supplemental power unit 116 may transition from
a non-operating state, an operating in i1dle mode state or
otherwise operating at a speed below which the mput side
rotating speed of sprag clutch 118 1s less than the output side
rotating speed of sprag clutch 118. The power mput state
change signal causes supplemental power unit 116 to ramp
up and engage main rotor gearbox 106 when the operating
speed of supplemental power umit 116 causes the mput side
rotating speed of sprag clutch 118 to match the output side
rotating speed of sprag clutch 118. Without power anticipa-
tion system 120 sending the power adjustment signal to
main engine 102, the main rotor speed would temporarily
increase, as indicated by line 132 i FIG. 3A, responsive to
the sudden increase in power to main rotor system 110. In
the present embodiments, however, the power adjustment
signal sent to main engine 102 causes a coincident reduction
in power Irom main engine 102 as the step change in power
from supplemental power unit 116 1s delivered.

The reduction 1n power from main engine 102 compen-
sates for the increase 1n power from supplemental power
unit 116 such that the main rotor speed remains substantially
constant, as indicated by line 130 i FIG. 3A, such as
between an upper rotor speed threshold 134 and a lower
rotor speed threshold 136. In one implementation, upper
rotor speed threshold 134 may be set at 102 percent of main
rotor speed 130 and lower rotor speed threshold 136 may be
set at 98 percent of main rotor speed 130 forming a rotor
speed threshold range of two percent above and two percent
below main rotor speed 130. In another implementation,
upper rotor speed threshold 134 may be set at 101 percent of
main rotor speed 130 and lower rotor speed threshold 136
may be set at 99 percent of main rotor speed 130 forming a
rotor speed threshold range of one percent above and one
percent below main rotor speed 130. Even though particular
rotor speed threshold ranges have been described, 1t should
be understood by those having ordinary skill in the art that
rotor speed threshold ranges may be set to any desired value
to optimize system design including ranges greater than or
less than those recited herein. Once supplemental power unit
116 1s operating at full speed, torque 1s delivered, not only,
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through the main drive system as indicated by the solid lines
and arrowheads between main engine 102, sprag clutch 104,
combining gearbox 108, main rotor gearbox 106 and main
rotor system 110, but also, through a supplemental drive
system as indicated by the solid lines and arrowheads
between supplemental power unit 116, sprag clutch 118 and
combining gearbox 108, as best seen in FIG. 2B.

When 1t 1s desired to decrease the cruise speed of heli-
copter 10 from the high speed cruise regime, power antici-
pation system 120, responsive to pilot mput and/or sensor
input, may initiate a power mput state change sequence for
helicopter 10. In the illustrated embodiment, power antici-
pation system 120 sends a power adjustment signal to main
engine 102 and sends a power input state change signal to
supplemental power unit 116. The power adjustment signal
to main engine 102 may be a mechanically coupled or
clectrically coupled signal causing an 1increase in fuel
injected into main engine 102.

The power mput state change signal to supplemental
power unit 116 transitions supplemental power unit 116
from the full power 1mput state to a zero power input state.
For example, supplemental power unit 116 may transition to
an operating speed such that the mput side rotating speed of
sprag clutch 118 1s less than the output side rotating speed
of sprag clutch 118, thus decoupling torque to and disen-
gaging from main rotor gearbox 106. Without power antici-
pation system 120 sending the power adjustment signal to
main engine 102, the main rotor speed would temporarlly
decrease, as indicated by line 142 1n FIG. 3B, responsive to
the sudden decrease in power to main rotor system 110. In
the present embodiments, however, the power adjustment
signal sent to main engine 102 causes a coincident increase
in power from main engine 102 as the step change 1n power
from supplemental power unit 116 1s received.

The increase 1n power from main engine 102 compensates
tor the decrease 1n power from supplemental power unit 116
such that the main rotor speed remains substantially con-
stant, as indicated by line 140 1n FIG. 3B, such as between
an upper rotor speed threshold 144 and a lower rotor speed
threshold 146. In one implementation, upper rotor speed
threshold 144 may be set at 102 percent of main rotor speed
140 and lower rotor speed threshold 146 may be set at 98
percent of main rotor speed 140 forming a rotor speed
threshold range of two percent above and two percent below
main rotor speed 140. In other implementations, the rotor
speed threshold range may have any desired value to opti-
mize performance. Once supplemental power unit 116 1s
disengaged, torque 1s delivered exclusively through the main
drive system as indicated by the solid lines and arrowheads
between main engine 102, sprag clutch 104, combimng
gearbox 108, main rotor gearbox 106 and main rotor system
110, and the dashed lines between supplemental power unit
116, sprag clutch 118 and combining gearbox 108, as best
seen 1n FIG. 2A.

Even though the upper rotor speed threshold and the
lower rotor speed threshold have been described as having
the same deviation from the nominal main rotor speed, 1t
should be understood by those having ordinary skill 1n the
art that an upper rotor speed threshold could have a different
deviation from the nominal main rotor speed than a lower
rotor speed threshold. Also, even though the upper rotor
speed threshold and the lower rotor speed threshold have
been described as being the same during engagement and
disengagement of supplemental power, 1t should be under-
stood by those having ordinary skill in the art that the upper
and lower rotor speed thresholds could be different depend-
ing upon the flight operation being conducted. In addition,
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even though the power input state changes have been
described as transitions between a full power 1nput state and
a zero power input state ol a supplemental power unit, 1t
should be understood by those having ordinary skill 1n the
art that the benefits of implementing a power management
system of the present disclosure can also be achieved when
transitioning between other power input states including any
number of mtermediate power mput states between the full
power 1mput state and the zero power mput state such as a
quarter power input state, a hall power input state, a three
quarter power input state or other positive power mput state
therebetween.

Even though the power anticipation system functionality
has been described with reference to a multi engine rotor-
craft having a main engine and a supplemental power unit,
it should be understood by those having ordinary skill in the
art that a power anticipation system of the present disclosure
may have benefits on other multi engine rotorcraft. For
example, as best seen in FIGS. 4A-4B of the drawings, a
power management system 200 1s operating 1n a twin engine
rotorcrait. Power management system 200 includes a first
main engine 202 such as a turbo shaft engine that is coupled
to a freewheeling unit depicted as sprag clutch 204 that acts
as a one-way clutch enabling a driving mode wherein torque
from main engine 202 1s coupled to main rotor gearbox 206
via a combining gearbox 208 and an over running mode
wherein main engine 202 i1s decoupled from main rotor
gearbox 206. In the illustrated embodiment, main rotor
gearbox 206 1s coupled to main rotor system 210 by a
suitable mast. Main rotor gearbox 206 1s coupled to a tail
rotor gearbox 212 via a suitable tail rotor drive shatt. Tail
rotor gearbox 212 1s coupled to a tail rotor 214. Power
management system 200 imncludes a second main engine 216
such as a turbo shaft engine that is coupled to a freewheeling
unmit depicted as sprag clutch 218 that acts as a one-way
clutch enabling a driving mode wherein torque from main
engine 216 1s coupled to main rotor gearbox 206 wvia
combining gearbox 208 and an over running mode wherein
main engine 216 1s decoupled from main rotor gearbox 206.

In certain flight operations such as high efliciency cruise,
main engine 202 may be operating to provide torque through
the drive system as indicated by the solid lines and arrow-
heads between main engine 202, sprag clutch 204, combin-
ing gearbox 208, main rotor gearbox 206, main rotor system
210, tail rotor gearbox 212 and tail rotor 214, while main
engine 216 1s not providing torque through the drive system
as mdicated by the dashed lines between main engine 216,
sprag clutch 218 and combiming gearbox 208, as best seen
in FIG. 4A. If it 1s desired to transition from high efliciency
cruise to high speed cruise, power anticipation system 220,
responsive to pilot input and/or sensor input, may 1nitiate a
power mput state change sequence for the twin engine
rotorcrait. For example, power anticipation system 220
sends a power adjustment signal to main engine 202 and
sends a power mput state change signal to main engine 216.
The power input state change signal transitions main engine
216 from a zero power 1nput state to a positive power 1nput
state such as a full power input state or other desired
percentage of the full power mput state. The power input
state change signal causes main engine 216 to ramp up and
engage main rotor gearbox 206. The power adjustment
signal sent to main engine 202 causes a coincident reduction
in power from main engine 202 as the step change 1n power
from main engine 216 1s delivered, thereby maintaining the
main rotor speed substantially constant, such as within upper
and lower rotor speed thresholds. Once main engine 216 1s
engaged, torque 1s provided through the main drive system
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as indicated by the solid lines and arrowheads between main
engine 202, sprag clutch 204, combining gearbox 208, main
rotor gearbox 206 and main rotor system 210, as well as

between main engine 216, sprag clutch 218 and combining
gearbox 208, as best seen 1n FIG. 4B.

If 1t 1s desired to return to high efliciency cruise, power
anticipation system 220, responsive to pilot input and/or
sensor input, may 1nitiate a power input state change
sequence for the twin engine rotorcraft. In this case, power
anticipation system 220 sends a power adjustment signal to
main engine 202 and sends a power mput state change signal
to main engine 216. The power mput state change signal
transitions main engine 216 from the positive power input
state to a zero power mput state. The power adjustment
signal sent to main engine 202 causes a coincident increase
in power from main engine 202 as the step change 1n power
from main engine 216 1s received, thereby maintaining the
main rotor speed substantially constant, such as within upper
and lower rotor speed thresholds. Once main engine 216 1s
disengaged, torque 1s delivered through the main drive
system as indicated by the solid lines and arrowheads
between main engine 202, sprag clutch 204, combiming
gearbox 208, main rotor gearbox 206 and main rotor system
210, with no torque provided from main engine 216 as
indicated by the dashed lines between main engine 216,
sprag clutch 218 and combining gearbox 208, as best seen
in FIG. 4A. It 1s noted that the twin engine rotorcraft could
alternatively be returned to high efliciency cruise mode by
disengaging main engine 202 and exclusively operating
main engine 216 1n which case, power anticipation system
220 would send the power adjustment signal to main engine
216 and the power input state change signal to main engine
202.

Even though the power anticipation system functionality
has been described with reference to a multi engine rotor-
craft having two turbo shaft engines, 1t should be understood
by those having ordinary skill in the art that a power
anticipation system ol the present disclosure may have
benefits on rotorcrait utilizing hybrid power systems. For
example, as best seen 1n FIGS. SA-5D of the drawings, a
power management system 300 1s operating in a twin engine
hybrid rotorcratt. Power management system 300 includes a
turbo generator 302 such as a turbo shait engine that 1s
coupled to or integral with an electric generator. Turbo
generator 302 1s coupled to a freewheeling unit depicted as
sprag clutch 304 that acts as a one-way clutch enabling a
driving mode wherein torque from turbo generator 302 is
coupled to main rotor gearbox 306 via a combining gearbox
308 and an over running mode wherein turbo generator 302
1s decoupled from main rotor gearbox 306. In the 1llustrated
embodiment, main rotor gearbox 306 1s coupled to main
rotor system 310 by a suitable mast. Main rotor gearbox 306
1s coupled to a tail rotor gearbox 312 via a suitable tail rotor
drive shaft. Tail rotor gearbox 312 1s coupled to a tail rotor
314. Power management system 300 includes an electric
motor 316 coupled to one or more batteries and/or the
generator of turbo generator 302. In the 1llustrated embodi-
ment, electric motor 316 1s coupled to a freewheeling unit
depicted as sprag clutch 318 that acts as a one-way clutch
enabling a driving mode wherein torque from electric motor
316 i1s coupled to main rotor gearbox 306 via combining
gearbox 308 and an over running mode wherein electric
motor 316 i1s decoupled from main rotor gearbox 306. In
other embodiments, sprag clutch 318 may be optional 1n
which case, electric motor 316 may be coupled directly to
combining gearbox 308.
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In certain flight operations such as high efliciency cruise,
turbo generator 302 may be operating to provide torque
through the drive system as 1ndicated by the solid lines and
arrowheads between turbo generator 302, sprag clutch 304,
combining gearbox 308, main rotor gearbox 306, main rotor
system 310, tail rotor gearbox 312 and tail rotor 314, while
clectric motor 316 1s not providing torque through the drive
system as 1ndicated by the dashed lines between electric
motor 316, sprag clutch 318 and combining gearbox 308, as
best seen 1 FIG. SA. If 1t 1s desired to transition from high
elliciency cruise to high speed cruise, power anticipation
system 320, responsive to pilot mput and/or sensor input,
may initiate a power input state change sequence for the twin
engine hybrid rotorcraft. For example, power anticipation
system 320 sends a power adjustment signal to turbo gen-
erator 302 and sends a power 1mput state change signal to
clectric motor 316. The power input state change signal
transitions electric motor 316 from a zero power 1mput state
to a positive power input state such as a full power input
state or other desired percentage of the full power 1nput
state. The power input state change signal causes electric
motor 316 to ramp up and engage main rotor gearbox 306.
The power adjustment signal sent to turbo generator 302
causes a comncident reduction in power from turbo generator
302 as the step change 1n power from electric motor 316 1s
delivered, thereby maintaining the main rotor speed sub-
stantially constant, such as within upper and lower rotor
speed thresholds. Once electric motor 316 1s engaged, torque
1s provided through the main drive system as indicated by
the solid lines and arrowheads between turbo generator 302,
sprag clutch 304, combining gearbox 308, main rotor gear-
box 306 and main rotor system 310, as well as between
clectric motor 316, sprag clutch 318 and combining gearbox
308, as best seen 1n FIG. 5B.

If 1t 1s desired to engage in high efliciency electric
powered cruise, power anticipation system 320, responsive
to pilot input and/or sensor input, may nitiate a power input
state change sequence for the twin engine hybrid rotorcratt.
In this case, power anticipation system 320 sends a power
adjustment signal to electric motor 316 and sends a power
input state change signal to turbo generator 302. The power
input state change signal transitions turbo generator 302
from the positive power put state to a zero power 1nput
state. The power adjustment signal sent to electric motor 316
causes a coincident increase 1 power from electric motor
316 as the step change 1n power from turbo generator 302 1s
received, thereby maintaining the main rotor speed substan-
tially constant, such as within upper and lower rotor speed
thresholds. Once turbo generator 302 1s disengaged, torque
1s delivered through the main drive system as indicated by
the solid lines and arrowheads between electric motor 316,
sprag clutch 318, combining gearbox 308, main rotor gear-
box 306 and main rotor system 310, with no torque provided
from turbo generator 302 as indicated by the dashed lines
between turbo generator 302, sprag clutch 304 and combin-
ing gearbox 308, as best seen 1n FIG. 5C.

IT 1t 1s desired to transition from high efliciency electric
powered cruise to high speed cruise, power anticipation
system 320, responsive to pilot mput and/or sensor input,
may initiate a power mput state change sequence for the twin
engine hybrid rotorcraft. For example, power anticipation
system 320 sends a power adjustment signal to electric
motor 316 and sends a power mput state change signal to
turbo generator 302. The power input state change signal
transitions turbo generator 302 from a zero power nput state
to a positive power input state such as a full power input
state or other desired percentage of the full power 1nput
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state. The power mput state change signal causes turbo
generator 302 to ramp up and engage main rotor gearbox
306. The power adjustment signal sent to electric motor 316
causes a coincident reduction 1n power from electric motor
316 as the step change 1n power from turbo generator 302 1s
delivered, thereby maintaining the main rotor speed sub-
stantially constant, such as within upper and lower rotor
speed thresholds. Once turbo generator 302 1s engaged,
torque 1s provided through the main drive system as indi-
cated by the solid lines and arrowheads between turbo
generator 302, sprag clutch 304, combining gearbox 308,
main rotor gearbox 306 and main rotor system 310, as well
as between electric motor 316, sprag clutch 318 and com-
bining gearbox 308, as best seen 1n FIG. 5D.

The flight control computers of the present embodiments
preferably include computing elements such as non-transi-
tory computer readable storage media that include computer
instructions executable by processors for controlling flight
operations. The computing elements may be implemented as
one or more general-purpose computers, special purpose
computers or other machines with memory and processing
capability. The computing elements may include one or
more memory storage modules including, but 1s not limited
to, internal storage memory such as random access memory,
non-volatile memory such as read only memory, removable
memory such as magnetic storage memory, optical storage,
solid-state storage memory or other suitable memory storage
entity. The computing elements may be implemented as
microprocessor-based systems operable to execute program
code 1n the form of machine-executable instructions. The
computing elements may be selectively connectable to other
computer systems via a proprietary encrypted network, a
public encrypted network, the Internet or other suitable
communication network that may include both wired and
wireless connections.

The foregoing description of embodiments of the disclo-
sure has been presented for purposes of illustration and
description. It 1s not mntended to be exhaustive or to limait the
disclosure to the precise form disclosed, and modifications
and vanations are possible 1n light of the above teachings or
may be acquired from practice of the disclosure. The
embodiments were chosen and described in order to explain
the principals of the disclosure and its practical application
to enable one skilled 1n the art to utilize the disclosure in
various embodiments and with various modifications as are
suited to the particular use contemplated. Other substitu-
tions, modifications, changes and omissions may be made in
the design, operating conditions and arrangement of the
embodiments without departing from the scope of the pres-
ent disclosure. Such modifications and combinations of the
illustrative embodiments as well as other embodiments will
be apparent to persons skilled 1n the art upon reference to the
description. It 1s, therefore, intended that the appended
claims encompass any such modifications or embodiments.

What 1s claimed 1s:

1. A power management method for a multi engine
rotorcraft having a main rotor system with a main rotor
speed during flight, the method comprising:

providing a {irst power input to the main rotor system

from a {irst engine;

generating a power input step change between a zero

power mput state and a positive power mput state to the
main rotor system from a second engine by transition-
ing a rotating speed of an input side of a sprag clutch
above or below a rotating speed of an output side of the
sprag clutch;
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sending a power adjustment signal to the first engine in
anticipation of the power input step change; and

adjusting the first power input of the first engine coinci-
dent with the power 1put step change of the second
engine to maintain the main rotor speed within a
predetermined rotor speed threshold range responsive
to the power adjustment signal.

2. The method as recited 1n claim 1 further comprising
generating the power adjustment signal responsive to pilot
input.

3. The method as recited in claim 1 further comprising
generating the power adjustment signal responsive to sensor
data relating to one or more flight parameters.

4. The method as recited 1n claim 1 further comprising
generating the power adjustment signal responsive to an
increase or decrease in collective input.

5. The method as recited 1n claim 1 further comprising
generating the power adjustment signal responsive to a
decision made by a power anticipation module executed by
a processor of a thght control computer.

6. The method as recited in claim 1 wherein adjusting the
first power input of the first engine further comprises reduc-
ing a quantity of fuel injected into the first engine.

7. The method as recited 1n claim 1 wherein adjusting the
first power mput of the first engine further comprises
increasing a quantity of fuel mnjected into the first engine.

8. A power management method for a multi engine
rotorcrait having a main rotor system with a main rotor
speed during flight, the method comprising:

providing a {irst power mput to the main rotor system

from a first engine;
generating a power input step change from a zero power
input state to a positive power mput state to the main
rotor system from a second engine by increasing a
rotating speed of an input side of a sprag clutch above
a rotating speed of an output side of the sprag clutch;

sending a power adjustment signal to the first engine in
anticipation of the power mput step change; and

reducing the first power mput of the first engine coinci-
dent with the power 1mput step change of the second
engine to maintain the main rotor speed within a
predetermined rotor speed threshold range responsive
to the power adjustment signal.

9. The method as recited 1n claim 8 further comprising
generating the power adjustment signal responsive to pilot
input.

10. The method as recited 1n claim 8 further comprising
generating the power adjustment signal responsive to sensor
data relating to one or more tlight parameters.

11. The method as recited 1n claim 8 further comprising
generating the power adjustment signal responsive to an
increase 1n collective input.

12. The method as recited in claim 8 wherein adjusting the
first power input of the first engine further comprises reduc-
ing a quantity of fuel injected into the first engine.

13. A power management method for a multi engine
rotorcrait having a main rotor system with a main rotor
speed during flight, the method comprising:

providing a {irst power mput to the main rotor system

from a first engine;

generating a power mput step change from a positive

power input state to a zero power input state to the main
rotor system from a second engine by decreasing a
rotating speed of an 1put side of a sprag clutch below
a rotating speed of an output side of the sprag clutch;
sending a power adjustment signal to the first engine in
anticipation of the power mput step change; and
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increasing the first power 1mput of the first engine coin-
cident with the power input step change of the second
engine to maintain the main rotor speed within a
predetermined rotor speed threshold range responsive
to the power adjustment signal. 5

14. The method as recited in claim 13 further comprising
generating the power adjustment signal responsive to pilot
input.

15. The method as recited in claim 13 further comprising
generating the power adjustment signal responsive to sensor 10
data relating to one or more flight parameters.

16. The method as recited 1n claim 13 further comprising
generating the power adjustment signal responsive to a
decrease 1n collective put.

17. The method as recited 1n claim 13 wherein adjusting 15
the first power mput of the first engine further comprises
increasing a quantity of fuel mjected into the first engine.
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